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Gene expression of prostanoid forming enzymes along the rat the kidney is capable of synthesizing a variety of prostan-
nephron. oids such as prostaglandin D2 (PGD2), prostaglandin E2
Background. To obtain information about the general capa- (PGE2), prostacyclin (PGI2), thromboxane A2 (TXA2),bility of nephron segments to elaborate prostanoids, we deter-
and prostaglandin F2 (PGF2) [4–7]. Which structuresmined the gene expression of key enzymes for prostanoid for-
of the kidney are capable to synthesize the individualmation.
Methods. For this goal mRNAs were assayed for cyclooxy- prostanoids in situ, however, is less clear. The observa-
genases-1 and -2 as well as for the synthases of prostaglandin tion that the expression of the cyclooxygenases (COXs)
D2 (PGD2), prostaglandin E2 (PGE2), prostacyclin (PGI2) and generating endoperoxides, which are essential for pros-thromboxane A2 (TXA2) in microdissected rat nephron seg-
tanoid formation, is compartimentalized [8–11] suggestsments by RT-PCR.
Results. Cyclooxygenase-1 (COX-1) mRNA was strongly that the formation of prostanoids also is not homogenous
expressed in all segments of the collecting ducts and to a lesser within the whole kidney. It is already known, for exam-
extent in glomeruli. COX-2 mRNA was found in the cortical ple, that the collecting ducts [6, 12, 13] and medullarythick ascending limb of Henle, and weaker expression also
interstitial cells [14, 15] are the main sites of PGE2 for-was detected in glomeruli. The lipocalin-type PGD synthase
mation. Since prostanoids are considered to be locallymRNA displayed a broad expression pattern in the cortex and
outer medulla, including proximal convoluted tubule, thick acting factors [16] that modulate cellular function in the
ascending limb of Henle, distal convoluted tubule, and cortical vicinity of their site of generation, we believed that it
and outer medullary collecting duct. The hematopoietic PGD
would be interesting to learn which types of prostanoidssynthase mRNA was restricted to the outer medullary collect-
may be formed by the different segments of the nephron.ing duct, and the membrane-associated PGE-synthase mRNA
was exclusively expressed in the whole collecting duct system. As an indicator, we considered the mRNA expression of
Prostacylin-synthase mRNA was found in the whole kidney, the different enzymes essentially involved in prostanoid
but not in any microdissected nephron segment analyzed in expression.this study. TXA-synthase mRNA was expressed in glomeruli.
The cyclooxygenase isoforms COX-1 and COX-2,Conclusion. Given that the existence of cyclooxygenase in
which are expressed in the kidney on the mRNA andcombination with the different PG-synthases is a prerequisite
for the formation of prostanoids, our data suggest that PGD2 protein level [11, 17, 18], form prostaglandin PGH2,
is mainly formed in the thick ascending limb and in the collect- which can be metabolized further by thromboxane or
ing duct, while PGE2 appears to be mainly generated by the prostaglandin synthases to the various prostaglandins.collecting ducts. Probably no formation of PGI2 occurs within
The isomerization of PGH2 to PGD2 is accomplishedthe nephron. Whether TXA2 can be formed by nephron seg-
ments remains questionable. through the action of PGD synthase. At least two iso-
forms of specific PGD synthases exist, namely the lipo-
calin-type and the hematopoietic form. The lipocalin-typeProstanoids play a major role in control of numerous
PGD synthase is a member of lipocalin-type superfamilykidney functions such as blood flow, salt and water reab-
and metabolizes PGH2 to PGD2 in the presence of sulfhy-sorption [1, 2], and renin secretion [3]. It is thought that
dryl compounds [19]. The hematopoietic form is a mem-
ber of the glutathione S-transferase family [20] and quite
1 See Editorial by Breyer, p. 1898. different from the lipocalin-type regarding, for example,
evolutional origin, catalytic properties, and tissue distri-Key words: prostaglandin, thromboxane, cyclooxygenase, localization,
nephron segments, blood flow, salt and water, renin secretion. bution. In addition, the hematopoietic forms specifically
require the reduced form of glutathione for catalysis
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membrane-associated, and glutathione-dependent PGE and 48 g/mL soybean trypsin inhibitor in modified Ea-
gle’s medium (MEM)] at 37C. In 15-minute (cortex) orsynthase, which catalysis the conversion of PGH2 to
PGE2, was recently described for human [22] and rat [23]. 25-minute (medulla) intervals the supernatant was poured
off the tissue pieces into 2 mL chilled bovine serum al-Besides the expression of membrane-associated PGE
synthase in testis, brain, lung and skeletal muscle, a high bumin (BSA)-solution (1% BSA in MEM). Fresh colla-
genase solution was added to the remaining renal tissueexpression in the whole kidney also was described. Pros-
tacyclin (PGI2) has been reported to elevate cyclic adeno- and the incubation was continued with supernatant re-
moval at 15- or 25-minute intervals in the same manner.sine monophosphate (cAMP) in papillary collecting ducts
[24] and to decrease the transepithelial potential differ- After the nephron segments sedimented in the tube the
supernatant was carefully removed and 2 mL of chilledence in perfused cortical collecting ducts [25]. The rat
prostacyclin synthase from the rat was first isolated by BSA solution added. The fractions containing nephron
segments were stored on ice. Collecting was carried outTone et al [26], and using in situ hybridization mRNA
message was found in a variety of tissue including the over three to four hours after digestion in a tissue culture
dish (35 10 mm). Nephron segments, which were iden-kidney. In the rat the thromboxane synthase message
was moderately expressed in the kidney [27]. The main tified by their appearance, were sorted to a clean area
of the dish under a stereomicroscope and transferred toeffects of TXA2 in the kidney are the decrease of the
renal blood flow and the glomerular filtration rate. a new tissue culture dish containing 0.25% BSA solution.
For collecting the thin limb of Henle’s loop from innerHowever, besides the found overall expression of the
TXA and PG synthases, the exact localization within medulla (TL) and inner medullary collecting duct (IMCD)
segments, the digested pieces of the inner medulla werethe kidney remained unknown. To address this issue we
applied reverse transcription-polymerase chain reaction further microdissected with sharpened forceps. At least
11 mm of each segment proximal convoluted tubule (PCT),(RT-PCR) analysis to determine the mRNA expression
of the prostanoid forming enzymes, COX-1, COX-2, proximal straight tubule (PST), outer medullary de-
scending thin limb of Henle’s loop (DTL), inner medul-PGD, PGE, PGI, and TXA synthases in microdissected
nephron segments of the rat kidney. The localization of lary descending and ascending thin limb (TL), medullary
and cortical thick ascending limb of Henle’s loop (mTALthe membrane-associated PGE synthase was determined
by immunohistochemistry and enzyme immunoassay mea- and cTAL, respectively), distal convoluted tubule (DCT),
connecting tubule and cortical collecting duct (CT/CCD),surements of PGD2 levels were applied.
outer medullary and inner medullary collecting duct
(OMCD and IMCD, respectively) were pooled. In addi-
METHODS
tion at least 22 glomeruli with arterioles attached (Glom)
Animals were collected. Collected tubules were transferred to a
400-L GTC solution [4 mol/L guanidine thiocyanateAnimal experiments were conducted in accord with
the NIH Guide for the Care and Use of Laboratory containing 0.5% N-lauryl-sarcosinate, 10 mmol/L ethyl-
enediaminetetraacetic acid (EDTA), 25 mmol/L sodiumAnimals and the German laws on the protection of ani-
mals. Male Sprague-Dawley rats, weighing 230 to 270 g, citrate, 700 mmol/L b-mercaptoethanol] and 12 g yeast
tRNA was added as the carrier. Samples were stored athaving free access to tap water and standard commercial
pellet chow (Altromin C-1000, Lage, Germany) were 80C until RNA-extraction.
used. For COX-2 immunohistochemical staining, rats
Isolation of total RNA and RT-PCR analysiswere chronically infused with furosemide (12 mg/day) via
subcutaneously implanted osmotic pumps (Alzet 2ML1; Total RNA was extracted according to the protocol
of Chomczynski and Sacchi [29]. In brief, after homoge-Durect Corporation, Cupertino, CA, USA) for seven
days. Animals with osmotic pumps had free access to nization in 400L of GTC solution 0.1 volume of 2 mol/L
sodium acetate (pH 4), 1 volume phenol (water saturated)tap water and to a salt solution (0.9% NaCl, 0.1% KCl).
and 0.2 volume chloroform were added sequentially to
Microdissection of nephron segments the homogenate. After cooling on ice for 15 minutes,
samples were centrifuged at 10,000  g for 20 minutesNephron segments for RT-PCR were obtained by a
modified collagenase digestion protocol after Schafer et at 4C. RNA in the supernatant (360 L) was precipi-
tated with an equal volume of isopropanol at 20C foral [28]. In brief, the anaesthetized animals were decapi-
tated and both kidneys removed. The decapsulated kid- at least one hour. The resulting RNA pellets were washed
with 70% EtOH and finally dissolved in 9 L diethyl-neys were carefully dissected in cortex, outer and inner
medulla. The kidney zones were cut in direction of tu- pyrocarbonate-treated water and used for reverse tran-
scription using standard RT protocol. Resulting cDNAbules in small pieces of 2 to 5 mm. The obtained pieces
were incubated in 2 mL collagenase solution [0.5 mg/mL samples were diluted to a final concentration of 1 mm
tubules/2 L and 2 glomeruli/2 L. Polymerase chaintype 2 collagenase, 5 mmol/L glycine, 50 U/mL DNAse
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Table 1. Primer sequences used for polymerase chain reaction (PCR)
Upstream and
GenBank accession no. downstream primer Size of PCR product
-actin NM007393 189–207 bp 283 bp
450–472 bp
Aquaporin-1 L02914 723–735 bp 105 bp
814–827 bp
Aquaporin-4 AF1444082 61–75 bp 415 bp
461–475 bp
Cyclooxygenase-1 S67721 601–678 bp 188 bp
771–788 bp
Cyclooxygenase-2 L20085 1414–1431 bp 356 bp
1752–1769 bp
Hematopoietic prostaglandin D synthase D82071 383–400 bp 390 bp
756–773 bp
Microsomal prostaglandin E synthase AB041998 456–475 bp 205 bp
641–660 bp
Lipocalin-type, prostaglandin D synthase J04488 113–130 bp 308 bp
403–420 bp
Na/K/2Cl-cotransporter all isoforms (BSC-1) U10096 2841–2858 bp 309 bp
3133–3150 bp
Na/K/2Cl-cotransporter isoform A (NKCC 2-A) U20973 867–884 bp 611 bp
1461–1478 bp
Na/K/2Cl-cotransporter isoform B (NKCC 2-B) U20974 866–883 bp 612 bp
1461–1478 bp
Neuronal NO synthase X59949 1324–1340 bp 311 bp
1615–1634 bp
Prostacyclin synthase U53855 241–258 bp 318 bp
541–558 bp
PTH/PTHrP receptor L19475 686–704 bp 533 bp
1218–1201 bp
Thromboxane synthase D31798 782–805 bp 450 bp
1219–1239 bp
reactions were performed in a total volume of 20 L in 10% acetic acid), tissues were dehydrated by bathing in
increasing concentrations of methanol, followed by 100%the presence of 2 L cDNA equivalent to 1 mm tubule
or 2 glomeruli. Negative controls included water instead isopropanol. The tissue was embedded in paraffin and 4
m sections were cut with a Leitz SM 2000R microtomeof cDNA in the PCR, and yeast tRNA (carrier used for
RNA isolation) with no further addition of RNA in the (Leica Instruments, Oberkochen, Germany). After depar-
affinization, endogenous peroxidase activity was blockedRT. As positive controls for the PCR 0.2 g of whole
kidney RNA pool were amplified in all experiments. with 3% H2O2 in methanol for 20 minutes at room temper-
ature. Sections were layered with the primary antibodiesPCR was run with one minute at 94C denaturation, one
minute at 60C annealing, and one minute at 72C exten- (COX-2, dilution 1:500; Santa Cruz Biotechnology, Santa
Cruz, CA, USA,) and incubated at 4C overnight. Forsion using standard PCR protocols. PCR amplification
was done with the primers listed in Table 1. Analysis of membrane-associated PGE synthase immunoreactivity
cryostat sections (10 m) were fixed with paraformalde-PCR products were performed after size separation by
ethidium bromide-stained agarose gel electrophoresis. hyde/glutaraldehyde solution. After fixation the endoge-
nous peroxidase activity was blocked and afterwards thePolymerase chain reaction of all PG synthase was per-
formed on the cDNA derived from at least three differ- sections were layered with the primary antibodies (PGE
synthase microsomal, dilution 1:50; Cayman Chemical,ent sets of nephron segments from different animals.
Each set always included glomeruli, PCT, PST, DTL, Ann Arbor, MI, USA) and incubated at 4C overnight.
After the addition of the second antibody (dilutionTL, mTAL, cTAL, DCT, CT/CCD, OMCD, and IMCD.
For control of RNA isolation and RT, PCR with - 1:500; biotin-conjugated, anti-goat immunoglobulin G or
anti-rabbit immunoglobulin G for COX and PGE syn-actin primers (30 cycles) were performed. In all samples
-actin was equally amplified with cDNA equivalent to thase, respectively), the sections were incubated with
1 mm tubule length or 2 glomeruli. avidin D horseradish peroxidase complex (Vectastain
DAB kit; Vector Laboratory, Burlingame, CA, USA)
COX and PGE-S immunoreactivity and exposed to 0.1% diaminobenzidine tetrahydrochlo-
ride and 0.02% H2O2 as a source of peroxidase substrate.For COX-2 immunoreactivity after fixation in methyl
Carnoy’s solution (60% methanol, 30% chloroform and COX-2 immunostained sections were counterstained with
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Fig. 1. Confirmation of nephron segment
identification by RT-PCR analysis of aqua-
porin-1 (AQ-1), aquaporin-4 (AQ-4), Na/K/2Cl-
cotransporter (NKCC2), and parathyroid hor-
mone/parathyroid hormone related-peptide
receptor (PTH/PTHrP receptor) mRNA ex-
pression in different tubules segments. PCR
experiments were run for 35 cycles with cDNA
corresponding to 1 mm tubule or 2 glomeruli.
(Left panel) Expression of AQ-4, NKCC2-B
and PTH/PTHrP receptor in nephron segments
of the cortex, tRNA, and whole kidney. (Mid-
dle panel) Expression of AQ-4, NKCC2-A
and PTH/PTHrP receptor in tubules of the
outer medulla. (Right panel) RT-PCR for
AQ-4, AQ-1 and PTH/PTHrP receptor with
cDNA from tubules of the inner medulla. Ab-
breviations are: PCT, proximal convoluted tu-
bule; cTAL, cortical thick ascending limb of
Henle’s loop; DCT, distal convoluted tubules;
CT/CCD, connecting tubules and cortical col-
lecting ducts; tRNA, carrier used for RNA
isolation as negative control; kidney, 0.2 g
RNA from the whole kidney as positive con-
trol for the PCR; PST, proximal straight tu-
bule; mTAL, medullary thick ascending limb
of Henle’s loop; OMCD, outer medullary col-
lecting ducts; IMCD, inner medullary collect-
ing ducts; and TL, inner medullary descending
and ascending thin limb of Henle.
hematoxylin. As a negative control, we used the second confirmed by RT-PCR with primers yielding PCR prod-
ucts known to be specific for different segments. We testedantibodies only without incubation with the primary anti-
body COX-2 and mPGE-S. the occurrence of aquaporin mRNA, Na/K/2Cl-cotrans-
porter (NKCC-2 or BSC-1) mRNA and parathyroid hor-
PGD2 enzyme immunoassay mone/parathyroid hormone related-peptide (PTH/PTHrP)
receptor mRNA (Fig. 1). The PCR experiments were runFor PGD2 studies the brain and both kidneys were
removed from decapitated rats and immediately frozen with 35 cycles to detected even trace amounts of mRNA.
Aquaporin-4 mRNA characteristic for the collectingin liquid nitrogen. The organs were homogenized in ice-
cold 0.9% NaCl solution (0.5 g tissue/mL NaCl solution) duct principal cells [30] was only detected in connecting
tubules/cortical collecting duct (CT/CCD), outer and in-and disrupted by sonication (15 seconds, twice). After-
wards the probes were centrifuged at 10,000  g for ner medullary collecting duct (OMCD and IMCD, re-
spectively). No aquaporin-4 message was detected in all20 minutes at 4C. A fraction of the supernatant (100L)
was used for the methoximation reaction. The PGD2- other segments tested, namely proximal convoluted and
straight tubules (PCT and PST), thin limb of Henle’sMOX concentration was measured by a commercial Pros-
taglandin D2-MOX enzyme immunoassay kit using the loop (TL), medullary and cortical thick ascending limb
of Henle’s loop (mTAL and cTAL, respectively) andprotocol as suggested by the manufacturer (Cayman
Chemicals). To control the specificity of the enzyme distal convoluted tubule (DCT). The NKCC-2 was found
in accordance with the described localization [31] in theimmunoassay (EIA), a commercially available PGE2
(100 ng/mL; Cayman Chemicals) was used for the meth- cTAL and mTAL, but not in PCT, PST, DCT, CT/CCD,
and OMCD. In the outer medulla the PTH/PTHrP re-oximation reaction. The controls of 5 ng/mL PGE2-MOX
and 5 ng/mL PGE2 were assayed by the PGD2-EIA. ceptor [32] was detected in PST and mTAL, but was ab-
sent in the OMCD. Consequently, the obtained results
confirmed the assignment of collected nephron segments.
RESULTS
Nephron segment identification Expression of COX-1 mRNA and of COX-2 mRNA
in nephron segmentsThe nephron segments, which were collected sepa-
rately in the kidney zones of the cortex, outer and inner In the microdissected segments COX-1 mRNA (Fig. 2A,
upper panel) was highly abundant in connecting tubulemedulla, were identified by their appearance under the
microscope (magnification 50 to 100). Additionally, and cortical collecting duct (CT/CCD), outer medullary
and inner medullary collecting duct (OMCD and IMCD,the correct identification of the nephron segments was
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Fig. 2. (A) Nephron distribution of cyclooxy-
genase (COX)-1 and COX-2 mRNA in mi-
crodissected nephron segments of the rat kid-
ney. (Upper panel) Representative ethidium
bromide-stained agarose gel displaying the
distribution of COX-1 transcript after RT-
PCR for 32 cycles. (Middle panel) Distribution
of COX-2 mRNA after RT-PCR (32 cycles)
shown by an ethidium bromide-stained aga-
rose gel. Abbreviations are: Glom, glomeruli;
PCT, proximal convoluted tubule; PST, proxi-
mal straight tubule; dTL, outer medullary de-
scending thin limb of Henle’s loop; TL, inner
medullary descending and ascending thin
limb; mTAL, medullary thick ascending limb
of Henle’s loop; cTAL, cortical thick as-
cending limb of Henle’s loop; DCT, distal con-
voluted tubules; CT/CCD, connecting tubules
and cortical collecting ducts; OMCD, outer
medullary collecting ducts; IMCD, inner med-
ullary collecting ducts; tRNA, carrier used for
RNA isolation as negative control; and kid-
ney, 0.2 g RNA from the whole kidney as
positive control for the PCR. (Lower panel)
Localization of COX-2 expression in glomer-
uli. RT-PCR for renin (32 cycles), COX-2 (32
cycles), and nNOS (34 cycles) performed with
cDNA corresponding to 2 glomeruli. tRNA
was used as negative control and cDNA of
0.2 g kidney RNA as positive control. (B)
Immunostaining for COX-2 in the cortex (left
side) and inner medulla (right side) of a furose-
mide-treated rat (magnification 200). Immu-
noreactivity was obtained in the cortical thick
ascending limb (cTAL) and macula densa cells
(arrows). No staining was detected in glomeruli
(left side) and in the sections of the inner me-
dulla (right side).
respectively). A weak COX-1 mRNA expression was meruli and in cTAL (Fig. 2A middle panel). Lower
observed in glomeruli and in outer medullary descending COX-2 mRNA levels were detected in CT/CCD and
thin limb of Henle’s loop (DTL). The COX-1 mRNA was IMCD. No COX-2 mRNA expression was found in all
absent in all other nephron segments tested, proximal other nephron segments tested (PCT, PST, DTL, TL,
convoluted tubule (PCT), proximal straight tubule (PST), mTAL, DCT, and OMCD). Altogether, to determine
inner medullary descending and ascending thin limb of the distribution of the COX-2 message within the kidney,
Henle (TL), medullary and cortical thick ascending limb four sets of microdissected nephron segments of differ-
of Henle’s loop (mTAL and cTAL, respectively), and ent animals were included. RT-PCRs (32 cycles) per-
distal convoluted tubule (DCT). To confirm the localiza-
formed on cDNA of these tissue samples yielded thetion of COX-1 mRNA we performed RT-PCR with three
same results as described above.further sets of collected nephron segments of different
To elucidate whether the found COX-2 mRNA expres-animals, including glomeruli, PCT, PST, DTL, TL,
sion in glomeruli was only due to attached macula densamTAL, cTAL, DCT, CT/CCD, OMCD, and IMCD. The
cells, we tested cDNA of different glomeruli prepara-experiments revealed the same distribution pattern of
tions (N 6) with primers for renin, COX-2 and neuronalCOX-1 mRNA as shown in Figure 2A.
Cyclooxygenase-2 mRNA was highly expressed in glo- nitric oxide synthase (nNOS). The nNOS is described
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Fig. 3. Nephron distribution of PGD-syn-
thase mRNA in microdissected nephron seg-
ments of the rat kidney. (Upper panel) Distri-
bution of lipocalin-type (L-)PGD-S mRNA
after RT-PCR (32 cycles) shown by a ethidium
bromide-stained agarose gel. (Lower panel)
Nephron distribution of hematopoietic (H-)
PGD-synthase mRNA in microdissected neph-
ron segments of the rat kidney after RT-PCR
(34 cycles) shown by a ethidium bromide-
stained agarose gel (Abbreviations are in the
Appendix.)
to be expressed in macula densa cells, whereas glomer- glutathione sulfhydryl (GSH) for catalysis. The second
type of PGD-S, the hematopoietic PGD synthase (H-PGDuli do not obtain any nNOS mRNA [34]. Therefore,
the nNOS mRNA expression was used as a marker for synthase) is quite different from the L-PGD synthase and
does require GSH for PGD2 synthesis [20].macula densa cells possibly attached to the glomeruli.
In all tested glomeruli a transcript of renin and COX-2 For localization of the two PGD-synthases PCR exper-
iments were performed on cDNA from five (L-PGDwas obtained, despite the expression of nNOS (Fig. 2A,
lower panel). Thus, the obtained COX-2 mRNA expres- synthase) or three (H-PGD synthase) sets of microdis-
sected nephron segments of different rats. Each set in-sion in glomeruli is due not only to the attached macula
densa cells. cluded glomeruli and the nephron tubules PCT, PST,
DTL, TL, mTAL, cTAL, DCT, CT/CCD, OMCD, andImmunohistochemistry was performed using kidney
sections of furosemide-treated rats (Fig. 2B). Immuno- IMCD. Both PGD synthase exhibited a unique distribu-
tion pattern.reactivity was observed in the cTAL and in macula densa
cells. No staining was detected in glomeruli and sections The L-PGD synthase was strongly expressed and
widely distributed within the cortex and outer medullaof the inner medulla, either in IMCD or interstitial cells.
Therefore, the obtained mRNA for COX-2 in IMCD of the kidney. Figure 3 (upper panel) shows a representa-
tive agarose gel of the L-PGD synthase mRNA localiza-and glomeruli was not found at the protein level, which
may be put due to the different sensitivities of the applied tion in the nephron segments. The PCR-product (32
cycles) was detected in PCT, mTAL, cTAL, DCT, CT/techniques.
Taken together, COX mRNA was found to be abun- CCD, and OMCD.
The RT-PCR (34 cycles) of the H-PGD synthase mRNAdant in glomeruli, cTAL, CT/CCD, OMCD and IMCD.
Therefore, these nephron segments could metabolize ar- revealed a very weak overall expression of H-PGD-syn-
thase in the whole kidney (Fig. 3, lower panel). Theachidonic acid to the prostanoid PGH2. The intermediate
product PGH2 could be converted to the various prosta- mRNA was restricted to OMCD and not detectable in
any other collected nephron segments (glomeruli, PCT,glandins by the action of PG synthases. We localized the
mRNA of different PG-synthases in nephron segments. PST, DTL, TL, mTAL, cTAL, DCT, CT/CCD, and
IMCD).
Nephron distribution of lipocalin-type, To investigate whether the presence of L-PGD syn-
glutathione-independent and hematopoietic, thase mRNA is accompanied by the production of PGD2
glutathione-dependent prostaglandin D synthase in the kidney, we measured PGD2 concentrations in the
in nephron segments kidney of untreated rats by enzyme immunoassay. As
positive control the amount of PGD2 in the brain wasThe lipocalin-type PGD synthase (L-PGD synthase) is
a member of the lipocalin superfamily [33]. The L-PGD determined, which is known to produce high amounts
of PGD2. In the whole kidney the amount of PGD2 wassynthase metabolizes PGH2 to PGD2 in the presence of
sulfhydryl compounds, but does not necessarily require 3.5  0.48 pg/mg tissue (N  8), compared to the PGD2
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Fig. 4. Nephron distribution of glutathione-
dependent, membrane-associated PGE syn-
thase mRNA in microdissected nephron seg-
ments of the rat kidney. Representative ethid-
ium bromide-stained agarose gel displaying the
distribution of PGE synthase mRNA after
RT-PCR (32 cycles; abbreviations are in the
Appendix).
concentration of 23  5.7 pg/mg tissue (N  3) in the
brain. Samples including only 5 ng/mL PGE2 or PGE2-
MOX revealed no detectable amount of PGD2 in the
EIA. Therefore, non-specific binding of PGE2, which
is highly abundant in the kidney, to the PGD2-MOX
antibody in the EIA could be excluded.
Expression of membrane-associated,
glutathione-dependent PGE synthase
mRNA in nephron segments
A representative example showing RT-PCR products
for PGE synthase in microdissected nephron segments
from rats is given in Figure 4. The membrane-associated
PGE synthase was highly expressed in the whole collect-
ing ducts, namely CT/CCD, OMCD, and IMCD. A very
weak expression of PGE synthase mRNA was observed
in DCT. The PCR product was absent or at the limit of
detection in all other nephron segments tested (glomer-
uli, PCT, PST, DTL, TL, mTAL, and cTAL). We con-
firmed the localization of PGE-S message found on the
cDNA of four independent sets of collected segments.
Each set of segments derived from different rats included
glomeruli, PCT, PST, DTL, TL, mTAL, cTAL, DCT,
CT/CCD, OMCD, and, IMCD. The experiments re-
vealed the same localization of PGE synthase given in
Figure 4.
To determine a possible expression of membrane-
associated PGE synthase mRNA in macula densa (MD)
cells, cDNA derived from microdissected glomeruli was
tested with attached arterioles and in addition with
attached cTAL (including the macula densa region). To
confirm the assumption that the glomeruli with attached
cTAL contain as well MD cells, we tested cDNA derived
from these glomeruli preparations with primers for nNOS
and for the bumetanide-sensitive Na/K/2Cl-cotransporter
(NKCC2 or BSC-1). MD cells have been shown to ex-
press mRNA for nNOS [34] and for BSC-1 [31]. Because, Fig. 5. Localization of mPGE-synthase mRNA in macula densa cells
of the rat kidney. (Upper panel) Glomeruli with cTAL and arteri-in contrast to MD cells, glomeruli do not possess any
oles attached (glomeruli-MD) contained renin, COX-2, BSC-1, andnNOS or BSC-1 message, the detection of the transcripts nNOS mRNA. Nevertheless, no PGE-synthase mRNA was obtained.
of BSC-1 and nNOS were assumed as indicators for MD (Second panel) Glomeruli that had only arterioles attached showed
renin and COX-2 mRNA, but no PGE synthase, BSC-1, and nNOScells attached to the glomeruli. Although in 4 from 6
signals. Lower panels show positive control for the PCR, where 0.2 gglomeruli preparations BSC-1 mRNA and nNOS mRNA RNA from the whole kidney and negative control, where tRNA (the
carrier used for RNA isolation) was amplified.as markers for MD cells were observed, apparently no
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Fig. 6. Immunohistochemistry of microsomal
PGE synthase in the kidney of the rat. Over-
view (A) and detail (B–D) of the immuno-
staining in the cortex (A, B), outer medulla
(C ), and inner medulla (D). Immunoreactivity
was observed in the collecting ducts. In the
control, where first antibody was omitted, no
signals were observed.
Fig. 7. Nephron distribution of prostacyclin-
synthase mRNA in microdissected nephron
segments of the rat kidney. Upper panel shows
a representative ethidium bromide-stained aga-
rose gel of PGI synthase mRNA after RT-PCR
(34 cycles). Lower panel displays the -actin
signal (30 cycles) of the corresponding samples.
PGE synthase signal was detected in any glomerulus tubules of the cortex, and outer and inner medullas (Fig.
6). No positive staining was seen in proximal tubules,preparation (Fig. 5 upper panel). In addition, all glomer-
uli showed high levels of renin transcript and as well tLH, TAL, and macula densa cells.
COX-2 mRNA regardless of whether any nNOS-1 and
Expression of prostacyclin (PGI) synthase mRNABSC-1 signals were found; therefore, MD cells were
in nephron segmentsattached (Fig. 5 upper and second panel).
Immunostaining of membrane-associated PGE syn- The representative examples in Figure 7 show PCRs
for PGI synthase (upper panel) and -actin (lower panel).thase using sections of kidney tissue of untreated rats
(N  5) revealed immunoreactivity in collecting duct The PCR experiments for PGI-synthase and -actin were
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Fig. 8. Nephron distribution of thromboxane
synthase mRNA in microdissected nephron
segments of the rat kidney. (Upper panel) The
distribution of TXA synthase mRNA after
RT-PCR (36 cycles) is shown by an ethidium
bromide-stained agarose gel. Abbreviations
are in the Appendix. (Lower panel) Expres-
sion of TXA synthase mRNA in glomeruli
without or with perfusion of the kidney prior
to microdissection.
performed on the same cDNA samples. PGI synthase mRNA from the perfused glomeruli revealed the same
result as glomeruli without perfusion (Fig. 8, lower panel).mRNA was detected in cDNA derived from the whole
kidney (34 cycles), but PGI synthase mRNA was not The perfusion of the kidney and therefore the wash out
of the platelets from the glomeruli did not extinguishfound in any nephron segment. The lack of the PGI
synthase mRNA was not due to the quality of the cDNA, the TXA synthase transcript in glomeruli.
because the PCR for -actin (30 cycles) as a control
revealed signals in all nephron segments with compara-
DISCUSSIONble strong intensities. Repeated experiments with three
Based on evidence that prostanoids are capable ofsets of microdissected nephron segments (glomeruli,
modulating essential renal functions, our study was de-PCT, PST, DTL, TL, mTAL, cTAL, DCT, CT/CCD,
signed to obtain information about the intrarenal local-OMCD, and IMCD) from different animals yielded the
ization of prostanoid formation, in particular in the kid-same result. The PGI synthase mRNA was found in the
ney tubules.whole rat kidney, but no mRNA was found in any nephron
Our findings show that the expression of the cyclooxy-segment.
genases genes, which are the essential key enzymes for
Expression of thromboxane synthase mRNA prostanoid formation, is distinct along the rat nephron.
in nephron segments COX-1 mRNA was strongly expressed in the whole col-
lecting duct system and at a lower level also in glomeruli,Reverse transcription-polymerase chain reaction for
which fits well with data obtained by immunohistochem-TXA synthase mRNA was performed with four different
istry in a variety of species [8, 10, 17]. In addition, wesets of microdissected rat nephron segments. Each set
also found COX-1 moderately expressed in the descend-included glomeruli and the nephron tubules PCT, PST,
ing thin limb of Henle’s loop, which is in agreement withDTL, TL, mTAL, cTAL, DCT, CT/CCD, OMCD, and
data obtained in human kidney [35]. A strong expressionIMCD. The PCR product was always found in the whole
of COX-2 mRNA was found in the cortical thick ascend-kidney and in glomeruli (Fig. 8, upper panel). However,
ing limb of Henle’s loop, again in good harmony withthe TXA synthase mRNA level was rather low in the
data obtained by immunohistochemistry [8, 9, 35]. Addi-whole kidney and in glomeruli. At trace levels, a PCR
tionally, expression of COX-2 mRNA was detected inproduct occasionally was seen with 36 cycles in PCT,
glomeruli and in the inner medullary collecting duct. AsPST, cTAL, DCT, and CT/CCD.
To wash out caught platelets of the glomeruli, the shown, the amplification product of COX-2 mRNA was
always detected in glomeruli, even though no maculakidney was perfused with Ringer solution (25 mL, 37C,
100 mm Hg) prior to microdissection. Therefore, blood densa cells were attached. These finding suggest that
mRNA of COX-2 also is localized in the glomeruli ofplatelets known to contain TXA synthase should be elim-
inated from the glomeruli. RT-PCR experiments with rats. COX-2 immunoreactivity was already found in po-
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Fig. 9. Overview of the distribution of cyclooxygenase, prostaglandin- and thromboxane-synthases mRNA in the nephron of the rat kidney.
COX-1 or COX-2 metabolized arachidonic acid to PGH2, which could be formed to the various PGs or TXA by the action of different synthases.
docytes of glomeruli of human kidneys [8, 10, 35], and bules, in cortical connecting tubules, and in cortical and
outer medullary collecting ducts, while the hematopoi-a faintly COX-2 immunoreactivity was detected in glo-
meruli of rats [18]. Whether the existence of COX-2 etic PGD synthase mRNA was strictly restricted to the
outer medullary collecting ducts (Fig. 9). Given that themRNA in inner medullary collecting duct indicates the
localization of COX-2 in these cells or if the mRNA coexistence of PGD synthase together with a COX iso-
form is required to form PGD2, our data indicate thatsignal came from possibly attached interstitial cells can-
not be answered from our study. Immunostaining with the found PGD2 in the rat kidney is formed by the cortical
thick ascending limbs of Henle’s loop and by the corticalantibodies against COX-2 revealed only signals in cTAL
but not in glomeruli or IMCD, which might be due to and outer medullary collecting ducts. The physiological
meaning of the lipocalin-type PGD synthase in proximalthe different sensitivities of the applied techniques.
Thus, all of these structures expressing one of the convoluted tubules, medullary thick ascending limbs of
Henle’s loop, and in distal convoluted tubules that ex-cyclooxygenase isoforms are potential sites of prostanoid
formation in the rat nephron (Fig. 9). The type of prosta- press no COX isoform remains to be elucidated. We spec-
ulate that endoperoxide generated by other cells mightnoid produced from the endoperoxides PGH2 depends
on the existence of specific prostanoid forming enzymes. reach these structures and at those sites be converted to
PGD2. A possible source of PGH2 could be the glomeru-Our data now show that prostaglandin D synthases,
which catalyze the isomerization of PGH2 to PGD2, show lar mesangial cells, which release substantial amounts of
untransformed PGH2 [36]. It is also conceivable that thea rather broad expression pattern along the rat nephron.
Two isoforms of PGD synthase exist: the lipocalin-type PGD synthase might serve additional cellular functions
apart from PGD2 formation. This would be in agreementand the hematopoietic PGD synthase. Within the kidney
the lipocalin-type PGD synthase mRNA was found in with findings described in the literature, because the
lipocalin-type PGD synthase is considered to be a multi-proximal convoluted tubules, medullary and cortical thick
ascending limb of Henle’s loop, in distal convoluted tu- ple function protein. Within the cells it is a PGD2 produc-
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ing enzyme, but after it is secreted into the extracellular the nephron. However, we were unable to obtain specific
space it acts as a lipophilic-ligand protein [33]. PCR products with primers based on the sequence for
Different isoforms for PGE synthases also exist that human [42] and the bovine PGF synthase [43, 44], which
have been found in the cytosolic and microsomal frac- are the only sequences yet available.
tion of various cells. Recently, the microsomal, mem- Our data suggest that PGE2 and PGD2 are enzymati-
brane-bound, GSH-dependent PGE synthase was identi- cally formed within the nephron of the rat kidney. In
fied [22, 23], which is thought to be functionally coupled the case of PGE2 the importance for tubular function is
to COX-2 [37]. Our study focused on the distribution supported by the expression of the different forms of
of the membrane-associated isoform (mPGE-synthase). PGE2 receptors along the nephron [2, 45–47]. Moreover,
We found mPGE synthase mRNA strongly expressed functional data indicate that PGE2 can significantly alter
along the whole collecting duct system in an ideal colo- tubular function, in particular, it can reduce water re-
calization with COX-1 (Fig. 9). The localization of the sorption in the collecting duct system. Thus far very little
mPGE synthase protein, which was revealed by immuno- is known about the potential sites of action of PGD2
histochemistry, confirmed the mRNA distribution and within the kidney and the physiological role of PGD2
is in agreement with the recently published localization remains poorly defined. It will be a task for future re-
of mPGE synthase in the mouse kidney [38]. Thus, the search to map potential receptors in the kidney that
collecting duct system is expected to be a prominent site interact with PGD2 and to elucidate their potential physi-
of PGE2 formation in the kidney, which fits well with ological relevance.
the results of previous functional studies [6]. At a lesser
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